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Abstract

Ballast degradation is frequently observed under cyclic loading, and results in bearing capacity and
drainage problem of ballast track. To keep the stability and safety, periodical maintenances are needed,
such as cleaning and replacement, which produce a huge amount of wasted ballast. Thus, reusing the
deteriorated ballast can become a considerable method for sustainable railway development and
environment protection. One applications is adding the cleaned deteriorated ballast (i.e. recycled ballast)
into fresh ballast. Furthermore, it is common situation that applying the mixture of fresh and
deteriorated ballast during the railway operation. To study the mechanical behaviour of this mixture
and find out the criterion weight proportion of the recycled ballast, a series of large direct shear tests
were performed with different weight proportions (0%, 10%, 20%, 30%, 40%, and 50%) of recycled
ballast mixed into fresh ballast under different normal stresses (50, 100 and 200 kPa). In addition, a
numerical simulation based on discrete element method (DEM) was used to illustrate the shear strength,
contact forces, coordination numbers and displacements of ballast particles. Results show that the shear
strength reduction of the mixture is insignificant, when mixed with less than 30% recycled ballast. With
the recycled ballast proportion increasing, the shear strength and coordination number reduce and the
displacements get larger. This research provides a foundation for the application of recycled ballast,
and on the other hands, adding fresh ballast can be a solution to reinforce deteriorated ballast bed.
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1. Introduction

Railway ballast is generally specified as a crushed, angular hard rock with particle size distributes from
20 mm to 65 mm [1]. The performance of ballast bed is influenced by several characteristics, thus
several procedures are performed to check them before track construction. For instance, the LAA loss
is applied to qualify the abrasion resistance, and the particle size distribution (PSD) is obtained by
sieving to fulfil the characteristics of drainage and elastics [2]. With these characteristics, the main
functions of ballast layer can provide a solid and elastic foundation for the sleepers, bear and transmit

the stress from rails to subgrade which caused by passing trains and good drainage ability [3-4].

However, the function of ballast bed will deteriorate along with the ballast degradation under the
heavier axle and higher speed train load, including particle breakage, abrasion, translation and rotation.
In this process, ballast particles turn to less angularity, and the surface texture is worn from coarse to
smooth, where the particle size also diminishes which affect the PSD and produces fine particles,
which are the main fouling composition [5]. Finally, differential settlement, poor drainage and capacity
reduction are occurred [6-7]. Especially with the heavier axle and higher speed loading is howadays

emerging, those problems are severer [8].

It needs to be noted that with the development of railway, maintenance is more and more frequent, a
large amount of fresh ballast is exploited and deteriorated ballast is produced as wastes. In Europe, the
maintenance cost varies from 30000 to 100000 Euros per kilometre per year [9], causing both
excessive economic consumption and environment problems. Besides, the construction continues
growing with the expectation of completing the Trans-European Transport Network (TEN-T) core
network by 2030 and the TEN-T comprehensive network by 2050 [10]. Thus, enhancing the
performance and prolong the lifespan of ballast track, and sustainable development of ballast track is

needed to be found out.

The deteriorated ballast behaviour has been studied with a variety of researches using laboratory tests
or numerical simulations. For instance, Ebrahimi et al [11] conducted triaxial tests focusing on the

behaviour of ballast mixed with fine particles from coal or angular breakage, and results show that



under high confine pressure the deformation of fouling ballast is similar with clean ballast. However,
ballast is in track bed is under nearly no confine pressure. For this, Indraratna et al [12] studied the
deformation and degradation of recycled ballast under simulated field loading on both fresh and
recycled ballast with cyclic triaxial tests, and results show that the settlement of recycled ballast is 2
times higher than fresh ballast. The drainage problem was analysed by Tennakoon et al [13], and the

results show the drainage changes from good to very poor when the ballast is deteriorated.

Because of the considerable effects of ballast degradation, some researches were carried out to qualify
the status of ballast. For example, Qian et al [14] employed image analysis method to qualify ballast
deterioration corresponding with fouling index (FI) after Los Angeles Abrasion (LAA) tests, and Guo
et al [15] also analysed the ballast degradation based on 3-D image analysis method focusing on the

influence of particle size and shape.

More importantly, several methods were proposed for deteriorated ballast bed performance
improvement, including the geogrid, elastic materials (rail pad, ballast mat and crumb rubber), and
polyurethane. The geogrid can increase the shear strength of ballast layer by strengthening the interlock
between ballast particles [16], and the study in [17] shows that geogrid can decrease the permanent
settlements under cyclic loading. Elastic materials can adjust stiffness and decrease vibration and noise,
further prolonging the service life of ballast track [18-20]. For example, the crumb rubber applied in
ballast particles was studied in [21] and [22], finding that the 10% (by weight) and 3~5 mm crumb
rubber plays a significant role in reducing ballast degradation. Polyurethane reinforcement can also
improve the ballast bed performance by bonded granular ballast together as a whole structure, through
this method, the capacity and stability can be largely improved, and it also can be used for stiffness

adjustment in transition zones [23-25].

Although these methods have their reinforcing effects, periodical maintenance is still needed to keep
the high performance of ballast track, including, tamping, geometry adjustment and ballast renewal
[16], thus the fresh ballast consumption is staying at a high level. Besides, some maintenance problems
occur along with the reinforcement methods mentioned above. For example, after spraying

polyurethane, ballast is bonded by high tensile strength, tamping maintenance is hard to be employed,



because the tine of tamping machine cannot insert into ballast layer, and the problem has occurred after
geogrid installing, where the geogrid can cause higher settlement on recycled ballast [26-28]. With the
shortage of those reinforcement methods, a new method for reinforcement and the way to treat

deteriorated ballast become a hot topic.

In addition, these studies illustrated the behaviour of deteriorated ballast, proposed a standard to
distinguish the deteriorated ballast, or suggested methods for performance improvement. The ballast
bed in operation commonly consists of deteriorated and fresh ballast because of ballast degradation or
ballast renewal. The behaviour of the mixture is still not clear at present, and further works need to be

carried out.

The ballast renewal operation is a method using fresh ballast to reinforce deteriorated ballast bed, in
reverse, adding cleaned and re-sieved deteriorated ballast (i.e. recycled ballast) into fresh ballast also
can be a reuse method. However, in this aspect, the current research is limited, and the proportion of
recycled ballast which does not influence the whole required performance is not clear. Thus, except for
the performance of the mixture of deteriorated and fresh ballast, the criterion proportion is also needed

to be found out.

Towards this research gap, the performance of deteriorated ballast mixed with fresh ballast is studied
with experimental tests and numerical simulation. The direct shear test is utilised to measure the
mixture shear strength, and DEM direct shear test model is applied to study the mesoscopic behaviour,
including the contact forces, coordination numbers and displacements of ballast particles. This research

assists in disposing the waste ballast and proposing the guidance for ballast bed maintenance.

2. Experimental tests

2.1 material specifications

The deteriorated ballast was mixed with fresh ballast in different ratio of 10%, 20%, 30%, and 50% by
weight. Moreover, fresh ballast only (0%) and deteriorated ballast only (100%) is concluded as

reference groups. The strength and deformation behaviour is tested by a series of large-scale direct



shear tests.

The fresh ballast, used in this research, was obtained from crushed basalt, which is in accordance with
the Code for Design of High Speed Railway (TB/T2140-2008, China [29]). Tab. 1 shows the particle
size distribution (PSD), and Tab.2 shows the main mechanical properties of ballast particles.

Tab. 1 PSD of ballast particles

Sieve Size (mm) 5315 224 315 40 50 63
Ballast % Passing 71 0 7 33 71 100
TB/T2140-2008 % Passing =50 0 1-25 30-65 70-99 100

Tab. 2 Characteristics of ballast

Properties Test value Standard value
LAA (%) 17.8 <18
Aggregate Crushing Test (%) 6.9 <8

Bulk Unit Weight kg/m? 2630 >2550
Ratio of flat particle 5 <18
Ratio of elongated particle 7 <18

The deteriorated ballast was obtained from LAA machine using the fresh ballast. According to standard
LAA test procedure (by BS EN 1097-2:2010 [30] and ASTM C-131-01[31]), the abrasion process was
conducted at a speed of 32 r/min and for 500 rolling turns. After the tests, all of the deteriorated ballast
was washed, dried, which defined as the recycled ballast. Five deteriorated ballast particles are shown
in Fig. 1. Afterwards, the recycled ballast particles were sieved and mixed according to the PSD as

shown in Tab. 1.

Fig.1 Recycle ballast after cleaning

In this paper, 7 different specimens were used, which is fresh ballast only, 10% recycled ballast and 90%
fresh ballast; 20% recycled ballast and 80% fresh ballast; 30% recycled ballast and 70% fresh ballast;

50% recycled ballast and 50% fresh ballast; recycled ballast only. The specimens are shown as Fig.2.



YT PN RS e e e . 2 o T DG AV IR,

d) 30% recycled ballast

g) recycled ballast only

Fig. 2 7 specimens depending on the mixing ratio of recycled ballast

2.2 Direct shear test

The direct shear test is a basic mechanical test for granular materials and can present several
proprieties of the material, such as shear strength, cohesion and friction angle. The properties
influence the interaction between particles, which is the main concern when applying the

deteriorated-fresh ballast mixture.

The large-scale strain-controlled direct shear apparatus is shown as Fig.4. It consists of one lower
and one upper shear box with different sizes. Where the inner size of lower box is

600mmx700mm in plane and 250mm in height, while the upper box is 600mmx600mm in plane



and 300 mm in height a cover plate with size at 595 x 595 mm (providing the normal stress).

Behind the lower box and the foundation, serval cylinder bearings are set to decrease the friction.

Direct shear test is a basic mechanical test for granular materials, it can present several proprieties
of the material, such as shear strength, cohesion and friction angle which influence the interaction
between particles. In this paper, the mechanical behaviour of degraded-fresh ballast is evaluated by the
direct shear test, and the large-scale strain-controlled direct shear apparatus is shown as Fig.3. It
consists of one lower and one upper shear box with different sizes. Where the inner size of lower box is
600mmx700mm in plane and 250mm in height, while the upper box is 600mmx600mm in plane and
300mm in height with a cover plate in 595mmx595mm to transmit the normal stress. Behind the lower

box and the foundation, serval bearings are set to decrease the friction, and 4 bearings are installed in

the side in case the box rotation when pushing.

Upper box

300mm

600mm

Lower box

| Shear force

vvvvvvvvvvvvvvvvv .
€OCCC 0 X C X X X X X )Bearing

250mm

Fig.3 Large-scale direct shear apparatus

The recycled-fresh ballast mixture was filled in the shear box and compacted by layers using a
vibrating compactor. Each layer is 100mm height, and the total weight of 359kg was controlled to
reach the same porosity (0.3) in every specimen. A certain normal stress (50kPa, 100kPa or 200kPa)
was applied to the mixed sample using hydraulic jack, and the weight of the loading plate is considered
as a part of normal stress. Under the consistent vertical pressure, the sample was sheared with a loading
rate of 0.3mm/min by horizontally pushing the bottom shear box. The lateral displacement and vertical
displacement were recorded by LVDT with the accuracy at 0.001 mm, and a pressure sensor connected

with data logger INV3018A was used to measure the lateral shearing forces during the test. The



maximum horizontal displacement was set to 60 mm, which equals to 10% strain in total. Every

condition was tested 3 times, and the results were presented by the average value.

3. Test results

3.1 Shear strength
Fig.4 shows the shear stresses of different proportion of recycled ballast: 0%, 10%, 20% 30%, 50%,

100% under different normal stresses.
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Fig. 4 Shear strength under different normal stresses

In the case of normal stress of 50kPa, 100kPa and 200kPa, the shear strength of recycled ballast is only
65.2 kPa, 115.6 kPa and 220.8 kPa, respectively. Comparing to the data of pure fresh ballast, the
strength is significantly decreased by 34.6%, 36.5%, 39.1%, respectively. As for 10% recycled ballast
mixture compared with pure fresh ballast, 2%, 4%, and 5% reduction can be observed. When the
proportion of recycled ballast increases to 20%, the decreasing percentage is 4%, 5%, 6%. Those
reductions are all below or near 5% which can be defined as insignificant influences. For 30% recycled
ballast, the decreasing ratio is a little larger with 6%, 11% 11%, respectively. Thus, in the aspect of the
shear stress, the mixtures which below 30% recycled ballast can be regarded as well-function. However,

when the mixing proportion of recycled ballast is larger than 30%, the reduction ratio exceeds 20%,



which strongly influences the shear strength of ballast.

The main differences between fresh and recycled ballast are the angularity and surface texture, and

those two parameters influence the cohesion and friction of ballast particles, Fig.5 shows the linear

fitting of data and referring to Eq.1, the cohesion and friction angle can be acquired [32], and the

results are shown in Tab.3.

Tf =Cc+o,tanyp

Eqg.l

where: ¢ cohesion; y——friction angle
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Fig.5 Linear fitting between normal stress and shear stress
Tab.3 Cohesion and friction angel by linear fitting
Content of recycled ballast Cohesion (kPa) Friction angle (degree) R2
fresh ballast only (0%) 9.95 60.27 0.99426
10% recycled ballast 12.55 58.77 0.99361
20% recycled ballast 11.7 58.56 0.99374
30% recycled ballast 14.1 56.71 0.99053
40% recycled ballast 11.7 55.85 0.99327
50% recycled ballast 135 53.39 0.99690
recycled ballast only (100%) 12.6 46.13 0.99978

It can be seen that the friction angle of pure fresh ballast is 60.27°. When mixed with 10% and 20%

recycled ballast, the friction angles are slightly lower but very close to that of pure fresh ballast. When

the proportion of recycled ballast is over 30%, the friction angle reduces considerably, and the lowest



value is observed form pure recycled ballast (46.13°). Comparing to fresh ballast, recycle ballast has
less angularity and smoother surface texture due to abrasion. Those changes influence the contacts
between particles, thus the interlock between ballast particles is weakened and the rounder particles are

easier to rotate.

3.2 Deformation characteristics

Fig.6 shows the average evolution of ballast shear dilatancy for 7 different proportion of recycled ballast.
Under 100kPa, the shear dilatancy of fresh ballast is 5.0223 mm, and the value increases to 5.32~5.93
when mixing with 10%, 20%, and 30% recycled ballast, and 6.2208 mm with 40% recycled ballast. A
similar trend can be seen under the normal stress of 50kPa and 100kPa. That is to say, with the mixing
proportion of recycled ballast under 30%, the shear dilatancy increases within 1 mm, thus the
deformation characteristic is in the same level. However, when the proportion of recycled ballast is no
less than 30%, it has significant influences on the shear dilatancy, the data was increased by more than 20%
and even by 70% for the pure recycled ballast, comparing with fresh ballast. In addition, with the normal
stress increasing, the displacements at the peak shear force decreases for the specimen with same mixing
proportion. Moreover, it appears that the higher proportion of fresh ballast is used, the lower shear

dilatancy is observed. It demonstrates that the addition of fresh ballast can reduce ballast shear dilatancy.
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Fig.6 Shear dilatancy
4. DEM simulation

As a conventional test, the direct shear test is widely applied for characterising the mechanical properties

of granular materials [33-36]. However, the experimental tests can only obtain macroscopic behaviour of



ballast, and the interlock of particles cannot be observed or recorded. The discrete element method (DEM)
has been widely used to simulate granular materials. In this method, the discrete nature of ballast
particles can be simulated accurately by providing an insight into the mechanical characteristics. Thus,
the contact number, contact force distributions, etc., which are difficult to measure in laboratory can be

obtained. In this paper, DEM simulations are carried out with PFC3P corresponding to experimental test.

4.1 Ballast particles

Particle shape is one important factor influencing the ballast characteristics in the DEM stimulation
[37-39]. To generate the irregular particles, Tutumluer et al [40] employed the BLOCKS3D in
deformation analysis, and Ngo et al [41-42] used non-overlapping spheres to present ballast particles in
dynamic analysis and overlapping spheres in direct shear simulations. All of them stressed the

importance of ballast particle shape.

Therefore, 3-D scanning based on laser equipment was used for shape obtaining in this research. One
ballast particle is firstly placed on a white pedestal with black dots and then scanned by the laser lights.
The white pedestal rotates slowly to help to get a whole particle vision. The point cloud data of ballast
surface were obtained in this stage. Then, according to the point data, a closed curve surface of scanned
ballast was built. The precision of this curve surface is related to the accuracy of scanning devices.

With laser scanner, a very close morphology can be obtained and saved as a shape file [43].

In this study, 50 fresh ballast and 50 recycled ballast particles were selected randomly, afterwards,
scanned by the hand-held laser scanner (Handy Scan 700TM) with an accuracy of 0.030 mm. the
scanning process is shown in Fig.7 (a), and the shape of fresh and recycled ballast is shown in Fig.7 (b)

and (c). Further, those shape files are imported in PFC?P as a template to generate ballast particles.



c¢) Recycled ballast

Fig.7 3D scanning setup

In the present method, clump is model in PFC which can generate irregular shape. After importing the
template of a real shape of ballast, the volume of that is filled optimally with overlapping spheres at
different sizes and those spheres are bonded as a whole particle. When the number of spheres inside the
clump is enough, it can accurately present the shape of ballast particles. However, such a clump could
hardly be usable in a DEM simulation as it would require huge amount of calculation time [39].
Therefore, different settings need to be included in the template to intentionally simplify the particle

shape and limit the number of spheres for one clump, finally reducing the computational time.

In the process of clump generation in PFC®P, two main parameters are used, i.e. the Ratio and the
Distance [44]. The Ratio is corresponding to the radius of the smallest to largest spheres kept in the

clump with the value of 0 to 1. Fig.8 illustrates the simplified definition of the Ratio in 2D, where the



square is a template for clump generation, and the disks are basic elements. With the Ratio increase, the
template is filled with more disks to reach a similar filling status in a corner, but the more disks are

used, the more contacts are generated, thus causing the reduction in calculation efficient.

a) Ratio=0.2 b) Ratio=1
Fig.8 Simplified definition of the Ratio

The Distance is corresponding to an angular measure of smoothness which can be used to present the
angularity changes between deteriorated and fresh ballast. the value of it varies from 0 to 180,
corresponding to the angle of the tangent line in the point of intersection, which is simplified in 2D and
illustrated as Fig.9.

As the definition, the Distance is a parameter which can control the filling status of the border, with the
value decrease, the blank in the border (the shadow in Fig.9) is smaller. Small Distance value leads to
the higher calculation cost by more disks filled in the template. It should be noticed that those 2
parameters cannot by applied severally. For example, the Distance in Fig.8 is 180, and the Ratio in
Fig.9 is 1. Besides, in a ballast template, the border is roughness with surface texture, and the corner is

irregular with angularity.

a) Distance=70 b) Distance=180
Fig.9 Simplified definition of the Distance

Furthermore, the combination of Distance and Ratio is analysed aiming to generated reasonable ballast



particles. As shown in Tab.4, several ballast particles with different parameters are created using the
same scanned ballast template. From those outputs, the Ratio less than 0.3 and Distance bigger than

120 can be regarded as reasonable parameters to present ballast shape.

Tab.4 The combination of Distance and Ratio

Ratio Ratio Ratio
0.1 0.3 0.6

Distance 60

Distance 90

Distance 120

Distance 150

@
&
| 4
&

In addition, image analysis as an advanced method that can determine the degradation status of ballast
[5] is employed in this part. To qualify the influence of the parameters, two clumps are generated with
one template, where the clump in Fig.10 (a) is set with more angularity with Distance 120, Ratio 0.3 to
present fresh ballast, and the clump in Fig.10 (b) is smoother with Distance 150, Ratio 0.3 to present
recycled ballast. The border of those 2 ballast models is exported in 2D image as Fig.10 (c) and (d) for

roundness calculation.
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Fig. 10 Ballast particle models in DEM simulations

By the method of Janoo et al [45], the roundness can be calculated with the following Eq. 2
R, =—- Eq. 2

In Eq.2, R, is the Roundness Index (RI), and the value for a perfect circle is 1, which means the most
rounded shape. With the value closer to 1 the shape is rounder and less angularity. A is the area of the
particle projection corresponding to the number of pixels (0.2639mm/pixel) within the border, as
shown in Fig. 10(e), and p is the perimeter of the particle corresponding to the number of pixels
surrounding the ballast, as shown in Fig.10 (f). According to Eq.2, the RI of fresh ballast is 0.6737, and
the value for recycled ballast is 0.7729. In this regard, the difference between those two kinds of ballast
can be presented.

Another characteristic of deteriorated and fresh ballast, different frictional coefficient is used to present
the wear of the surface texture. The linear contact model is selected for ballast particles due to its
cohesion-less physics [46] and the mechanical parameters of the ballast particles and the shear box in
PFC®C are summarised in Tab.5, which are referred from former studies [47-48] and verified
corresponding to laboratory tests. The influence of ballast breakage and abrasion in direct shear test is



negligible, to enhance the efficiency of calculation, those behaviour was not included in the simulation.

Tab. 5 Parameters of linear contact model in simulations

Parameters Fresh recycled Shear
Ballast ballast box
Distance 120 150 -
Ratio 0.3 0.3 -
.Tangentlal 168 168 6t
stiffness(N/m)
. Normal 1e8 1e® 6e?
stiffness(N/m)
Friction coefficient 0.5 0.47 0.2
Mass density(kg/m?) 2630
Damping coefficient 0.7

4.2 Direct shear test model

The modelled ballast particles are fill in the shear box model (wall element) with porosity of 0.3 by the
method of particle replacement and radius expanding (McDowell et al [49]). In the first stage, balls
were filled in the shear box with required PSD and cycled to a relevant dense state using self-gravity.
Then record the radius and the address of sphere centre, and using clump replace those balls with the
recorded information. After this procedure, the clump in shear box has reached a dense state. However,
the contact forces between clumps are not balanced, for this radius expending method was used to
adjust the size of clump. Specifically, a random very small expansion coefficient such as 0.9971 or
1.0043 was applied to clump radius, thus modifying the contact status between particles, finally
reaching the stabilised state. During this procedure, the radius is expanded slightly and the PSD has

slight change, but it still stays at the setting curve with the unbalance force well-settled.

The direct shear was achieved by moving the lower boundary walls with a constant velocity of 6 mm/s
until a total lateral displacement of 60 mm (10% strain). Meanwhile, a constant normal stress was
provided by servo system. The DEM model is shown in Fig. 11, where the different colours are

corresponding to various particle sizes.



Fig. 11 The DEM numerical model of ballast direct shear test

4.3 Verification
The strain-stress curve of simulations and laboratory test of pure fresh ballast, 50% recycled
ballast and pure recycled ballast are shown in Fig.12, where the peak data and changing trend is

highly matched. Therefore, the simulation method used in this paper can be regarded as valid and

reliable.
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Fig.12 Comparison of the simulation and the laboratory test results

5. Results of numerical simulation

Fig.13 shows the average coordination number (CN) of ballasts with different proportion of recycled
ballast subjected to different normal stresses (50, 100 and 200kPa). Results present that the CN
increased with the normal stress, and it increased with the proportion of fresh ballast due to tighter
interlock between fresh ballast. Comparing with fresh ballast only, the CN of recycled ballast only has
1.1-1.7 reduction, which also means that recycled ballast has lower capacity and stability. While, The
CN for 10%-30% recycled ballast is similar to fresh ballast, especially under high normal stress. The
maximum contact force is shown in Fig.14, fresh ballast only presents higher contact force than mixed

with recycled ballast during the shear procedure, and smaller maximum displacement was observed



which is shown in Fig. 15. The coarser surface texture of fresh ballast contributes more friction thus
making particles harder to rotate and displace. Combining these results, it can be concluded that the
contact characteristics of fresh ballast are advantage over recycled ballast, and fresh ballast can bear
higher stress and generate smaller deformation. With the present of recycled, those data are decreased,

but with the percentage of 10%-30% recycled ballast, the reduction is insignificant.
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6. Conclusion

In this paper, the fresh-recycled ballast mixture was analysed by series of experimental direct shear tests
and numerical simulations based on the DEM, with the aim to investigate mechanical characteristics of
recycled ballast. The DEM simulations were in good agreement with laboratory results, and the
conclusions were given as follows:

- Due to the angularity loss and surface texture reduction, the interlock between recycled ballast is
weaker than fresh ballast. With increase of mixing proportion of recycled ballast, the mixture shear
strength and friction angle is decreased, and shear dilatancy is increased. Especially for mixture of
more than 50% recycled ballast, those changes are significant. However, when the proportion of
recycled ballast is smaller than 30%, the reduction in shear stress is negligible.

= In the numerical simulations, clump was used to present ballast particels based on 3D scanning
method and different setting of the Ratio and Distance in ballast generation can distinguish the
fresh ballast and recycled ballast, making the result more reliable. Both the coordination number
and maximum contact force have a downward trend when recycled ballast volume ratio increase,
while result in an increase in maximum displacement of ballast particles.

— Recycled ballast behaves with lower level of capacity and stability than fresh ballast, however, it
should be highly noted that adding recycled ballast with less than 30% dose not influence the total
performance. Thus, adding recycled ballast into fresh ballast could be a method for reusing
deteriorated ballast bed under the criterion ratio, also this result can be a guidance for maintenance

which using fresh ballast to reinforce recycled ballast.
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